R ecent advances in integrating reactive materials into semiconducting electronic structures have opened up the era of "nanoenergetics-on-a-chip" technology, which has a wide range of potential applications, such as micropropulsion in space and nanoairbags to drive fluids, MEMS energy sources, 1 pressure-mediated molecular delivery, 2, 3 and microinitiators. 4, 5 Currently, nanothermites composed of metal and oxide microstructures are the most widely used energetic materials for device integration. These materials are characterized by highenergy release associated with the highly exothermic reduction/ oxidation reactions in forming suboxides. Thermite multilayered systems are promising structures for integrating energetic layers on a chip because it is easy to control the thickness of each layer and the number of layers, and consequently to tune their energetic performances. In the present work, we select Al/CuO thin film multilayer systems (also called nanolaminates) because they are characterized by much higher reaction velocity than other multilayer systems such as Al/Ni systems. 6 Al/CuO multilayers with different bilayer (Al+CuO) thicknesses have been sputter-deposited on solid surfaces 7−11 and their properties analyzed experimentally and theoretically. Measurements of the flame propagation velocity versus the bilayer thickness in stochiometric mass ratio show that the reaction-propagation velocity decreases from 90 to 2 m/s as the foils thickness increases from 50 to 2000 nm.
However, if the bilayer thickness is further decreased below 25 nm, the velocity drops rapidly to zero due to spontaneous and uncontrolled intermixing at the interface during deposition (see the Supporting Information, Figure S1a ). This finding highlights the critical role of the interfacial region on the reaction kinetics. 12 Namely, the flame propagation velocity increases with decreasing bilayer thickness only if the latter remains substantially larger than the interfacial region thickness.
The goal of this experimental work is to find technological solutions to enhance Al/CuO multilayer system reactivity without penalizing its safety or stability at low temperature. We find that depositing a thin layer of copper (∼5 nm in thickness) on each ∼100 nm thick Al layer prior to the deposition of ∼200 nm thick CuO layers substantially increases the overall Al/CuO nanolaminate flame propagation velocity and also lowers the onset temperature. The measured flame velocity increases to 72 ± 1 m/s with copper-enriched Al/CuO nanolaminates, compared to 44 ± 1 m/s for the Al/CuO nanolaminates prepared by conventional Al and CuO deposition. Furthermore, combining transmission electron microscopy (TEM), infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS), low energy ion scattering (LEIS), and differential scanning calorimetry (DSC) measurements with first-principles calculations, we show that Cu deposition leads to the formation of an Al:Cu alloy characterized by a melting temperature lower than that of pure Al metal. DSC analysis indicates that the Al:Cu alloy melting point is 110°C lower than the Al melting point, which is consistent with the observed increase in the overall reactivity.
Three different foils were prepared to perform a head-tohead comparison: (a) Al/Cu/CuO/Cu/Al (i.e., a trilayer with Cu in both interfaces); (b) seven Al/CuO bilayers (i.e., without any Cu deposition in between); and (c) seven Al/Cu/CuO trilayers called Cu-enriched Al/CuO nanolaminates. In all samples, the thicknesses of the Al, CuO, and Cu layers were around 100, 200, and 5 nm, respectively, and were deposited using magnetron sputtering as previously described 8 (see more details in the Supporting Information, Figure S1b ). The exothermic reactions of Al/CuO nanolaminates were characterized by DSC in the temperature range of 30 to 700°C under constant heating rate (10°C/min) and under Ar atmosphere. The self-propagating reaction velocity was measured by placing the free-standing foils in an open elongated channel, directly igniting one end with a metallic wire and optically measuring the propagation of the flame using a high-speed camera.
All foils release heat upon heating, as observed by DSC trace (see Figure 1 ) with a major exothermic peak rising abruptly.
The heats of reaction calculated through the integration of the major peak is 1.2 ± 0.3, 1.0 ± 0.3, and 1.3 ± 0.3 kJ/g for samples a, b, and c, respectively. Note that the heats are well below maximum values, around 33% of theoretical ones, because the reactions are incomplete below 700°C. But still, differences are noticeable. Without copper between Al and CuO (sample b), the main exothermic peak is observed at 584°C and the onset is at around 550°C. In contrast, the incorporation of copper (sample a and c) induces a reduction of the onset temperature (∼475°C) and reaction temperature (535 and 532°C, respectively). In addition, for Cu-enriched Al/CuO nanolaminates and for the trilayers with Cu at both interfaces, two small exotherms occur at 175 and 275°C, suggesting Cu:Al alloy formation, 13 and a shift of melting point is also observed from 660 to 548°C.
Both bright-field TEM and scanning TEM (STEM) images reveal that the interfaces between sputter deposited aluminum and copper oxide for samples a and c are sharp and well-defined as show in Figure 2a , c, whether there is the extra 5 nm thick Cu layer or not at the interface. Nanoscale chemical analysis was performed using Energy-dispersive X-ray (EDX) spectroscopy on sample a, clearly showing ( Figure 2b ) Cu atoms dispersed in Al layer and indicating that there is spontaneous intermixing of Cu and Al. In fact, there is more Cu inside (at the center) of the Al films than in the thin interfacial region where the Cu was deposited, suggesting a strong drive for Cu to diffuse deep into Al. (more detail is given in the Supporting Information, Figure S3 , top). Sample c was analyzed using STEM mode by high-angle annular dark field (HAADF) and electron energy-loss spectroscopy (EELS). The EELS fine structures are sensitive to the chemical environment of the studied atom. The signature of metallic Cu is different from a Cu atom surrounded by O in CuO (see the Supporting Information, Figure S3 , Bottom). In Figure 2d , we can see some Cu signal in the same spectra of the Al, clearly showing the intermixing of Al and Cu, which is in good agreement with experiments obtained by a model study in a cluster tool (in ultrahigh vacuum) with in situ XPS, FTIR, LEIS supported by DFT (density functional theory) calculations. First, 5 nm of Cu was e-beam deposited on CuO (5.4 Å/min) in high vacuum (1 × 10 −9 Torr) at 10°C. The broadband in situ IR absorption (see the Supporting Information, Figure S4 ) confirms the formation of a metallic layer (Drude absorption). The spectra also indicate that the surface is highly inhomogeneous surface, because of the fact that CuO is formed of pillars with a rough surface, leading to nonuniform Cu deposition. In addition, there is some reduction of CuO into Cu 2 O after 5 nm Cu deposition, as evidenced by the appearance of a Cu 2 O phonon peak at 620 cm −1 , which is consistent with some Cu incorporation into CuO. In contrast, Cu deposition on Al leads to additional broadband IR absorption, which suggests that the pure Al film was altered, consistent with Cu migration into Al.
LEIS is most appropriate to determine the surface composition. These results suggest that the surface chemical composition remains unchanged, i.e. there is not a strong drive for Cu to diffuse into CuO.
The situation is different for Cu deposited on Al films. To explore this situation, a thin single-crystal Al (111) film is first deposited by evaporating at a rate of 4.4 Å/min on a H-terminated Si (111) surface at −140 ± 5°C, according to a method previously described by Liu et al. 14 IR transmission experiments confirm that a good metallic film is formed (strong Drude absorption). LEIS spectra collected after Al deposition confirm the presence of the Al at the topmost layer together with a small amount of a surface aluminum oxide, probably formed during the transfer from the deposition chamber to the LEIS chamber despite UHV conditions (see the Supporting Information, Figure S5 ). For 1 nm Cu deposition at room temperature (as measured with a QCM) on a 10 nm thick Al film, no Cu is detected (see Figure 3b) , indicating full penetration into Al at room temperature. Therefore, a higher Cu dose was used on a substrate at lower temperature −140 ± 5°C. After 5 nm Cu deposition on a 20 nm thick Al film, the topmost layer atomic composition determined by LEIS (bottom spectrum in Figure 3c does now have a substantial amount of Cu (Cu:Al ratio = 46) even though the measurements are performed at room temperature. A small amount of O and Al suggest that the Cu layer is either thin or inhomogeneous. Upon annealing to 150°C, the Cu:Al ratio decreases dramatically (Cu:Al ratio = 0.7), consistent with Cu incorporation in the Al film. Further annealing to 200°C does not significantly change the Al and Cu signals (Cu:Al ratio ∼0.5), suggesting that the surface composition is now in equilibrium with a Cu:Al alloy in the bulk (i.e., the near-surface region has reached a stable stoichiometry).
To examine the chemical composition deeper into the Al layer, XPS experiments were performed. Figure 4a shows the changes in the Cu 2p core level of CuO before and after 5 nm Cu deposition. The data clearly shows the reduced Cu with the peak at 932.4 eV, although it is difficult to distinguish Cu 2 O and metallic Cu from the XPS due to the overlapping of peaks originating from the two species. Figures 4b, c contain the Cu 2p and Al 2p core level spectra after 5 nm Cu deposited on 20 nm Al (at −140°C) and after annealing to 200°C. In Figure 4b , the peak position of Cu (933.6 eV) is very close to that observed in Al 2 Cu (933.8 eV), 15 clearly indicating the formation of such an alloy. The data in the 74−84 eV range in Figure 4c includes both the Al 2p and Cu 3p core levels, with a splitting between metallic and oxidized aluminum. This result is in agreement with our recent DFT calculations 16 that described the energetics of copper penetration into Al (111) through surface exchange mechanisms involving energy gains of ∼0.1 eV and barriers of ≤0.5 eV, indicating that penetration of incident copper atoms will take place at ambient temperature at the initial stage of copper deposition.
Combining all the TEM, IR, EDX, EELS, XPS, and LEIS data, we conclude that Cu penetrates spontaneously into the Al layer, a prerequisite for alloy formation. The weak exothermic peak in the DSC at 175°C suggests that the formation of stochiometric and stable alloys, Cu 9 Al 4 and CuAl 2 does require some thermal activation.
Similarly, DFT calculations of Cu interaction with CuO surface reveal that adsorption is favorable, mostly on the O sites of oxygen-rich CuO surfaces (2.63 eV adsorption energy). However, penetration is endothermic by +1.2 eV, i.e., unfavorable. The observation of Cu 2 O in the IR spectra indicate that energetic Cu atoms can penetrate to a limited extent, but lead to a defective surface. Details regarding this point are given in the Supporting Information, Figure S6 .
The limited penetration of Cu into CuO is also consistent with DSC experiments of foils made of 7 bilayers of aluminum and copper-rich copper oxide (Cu x O y such Cu 4 O 3 , Cu 2 O,) keeping the same Al and Copper oxide thickness (∼100 and 200 nm, respectively). As shown in Table 1 , summarizing the effect of CuO x stochiometry on thermal reaction properties, there is a dramatic decrease in the reaction propagation velocity with Cu enrichment of copper oxide down to 5 m/s when for an oxide composed of a Cu 2 O/Cu 4 O 3 /CuO mixture. Therefore, a similar loss in flame propagation velocity would also be expected for the Al/Cu/CuO stack if Cu did penetrate into CuO and transformed its composition into Cu-rich oxide. This observation is an indirect proof that Cu incorporation into CuO during either sputter deposition or evaporation is at most limited to the CuO surface without modification of the overall 200 nm CuO layer stochiometry.
In summary, we have shown that deposition of a thin (∼5 nm) layer of Cu between each Al and CuO layers of an Al/CuO nanolaminate greatly enhances the system reactivity by Cu diffusion into Al and formation of Cu:Al alloys, which lowers the metallic melting temperature of the reducer (Al) and therefore increases the reaction propagation velocity. Both LEIS and XPS suggest that Cu penetrates deeply into Al films, while Cu only affects the surface region of CuO films. DSC indicates that stochiometric and low-melting-temperature Al:Cu alloys are formed at relatively low temperatures (∼175°C) 13 such as CuAl 2 or Cu 9 Al 4 . The endotherm observed at 548°C corresponds to the dissolution of these alloys into the Al solid solution leaving this latter phase in equilibrium with the liquid phase, which is consistent with an increase of the average selfpropagating reaction velocity. These preliminary insights on the chemistry of interfaces generated upon Cu deposition pulses between Al and CuO open a new direction toward interface engineering of nanoenergetic materials and cautions against simplistic pictures of passive coating layers in application where the thermal and mechanical properties of metals are critical.
Experimental details (sample preparation, TEM sample preparation, and experiments (TEM, XPS, LEIS, IR, EELS) spectra) are reported. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.5b02653.
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